Abstract Even in the era of combination antiretroviral therapies used to combat human immunodeficiency virus type 1 (HIV-1) infection, up to 50 % of well-suppressed HIV-1-infected patients are still diagnosed with mild neurological deficits referred to as HIV-associated neurocognitive disorders (HAND). The multifactorial nature of HAND likely involves the HIV-1 accessory protein viral protein R (Vpr) as an agent of neuropathogenesis. To investigate the effect of naturally occurring variations in Vpr on HAND in well-suppressed HIV-1-infected patients, bioinformatic analyses were used to correlate peripheral blood-derived Vpr sequences with patient neurocognitive performance, as measured by comprehensive neuropsychological assessment and the resulting Global Deficit Score (GDS). Our studies revealed unique associations between GDS and the presence of specific amino acid changes in peripheral blood-derived Vpr sequences [neuropsychological impairment Vpr (niVpr) variants]. Amino acids N41 and A55 in the Vpr sequence were associated with more pronounced neurocognitive deficits (higher GDS). In contrast, amino acids I37 and S41 were connected to measurably lower GDS. All niVpr variants were also detected in DNA isolated from HIV-1-infected brain tissues. The implication of these results is that niVpr variants alter the genesis and/or progression of HAND through differences in Vpr-mediated effects in the peripheral blood and/or the brain.
Introduction
Disease associated with human immunodeficiency virus type 1 (HIV-1) infection includes significant neuropathogenesis subsequent to virus entry into the central nervous system (CNS). Although the availability of effective combination antiretroviral therapy (cART) to infected individuals has both increased life expectancy and reduced the incidence of severe and progressive neuropsychological impairment (NPI) associated with HIV-1 infection (including HIV-1-associated dementia), HIV-1-infected patients continue to develop neuropsychological and neurological deficits (Clifford and Ances 2013; Heaton et al. 2010 Heaton et al. , 2011 Simioni et al. 2010 ). In the era of cART, up to half of all treated patients are diagnosed with mild to moderate neurological and neuropsychological deficits broadly referred to as HIV-associated neurocognitive disorders (HAND) (Antinori et al. 2007; Clifford and Ances 2013; Spudich and Gonzalez-Scarano 2012) .
The cellular and molecular basis of HAND has been shown to be complex and multifactorial. Following HIV-1 entry into the brain, infection of susceptible cells (macrophages, microglia, and, to a lesser extent, astrocytes) causes the aberrant release of numerous cellular neurotoxins, chemokines, and proinflammatory cytokines. In addition, productive viral infection results in the release of viral proteins, including gp120, Tat, and Nef, that also function as neurotoxins (Schouten et al. 2011; Spudich and Gonzalez-Scarano 2012) . Collectively, these factors have a detrimental effect on the function and viability of CNS-resident cells, including neurons, astrocytes, and possibly other cell populations (as well as those at the blood-brain barrier). An HIV-1 accessory protein, viral protein R (Vpr), has also been identified as an agent of neuropathogenesis. Vpr has numerous functions and effects (Guenzel et al. 2014) , including (i) facilitation of infection in non-dividing cells by participating in pre-integration complex nuclear transport (Hrimech et al. 1999) , (ii) trans-activation of the HIV-1 LTR (Hogan et al. 2003; Wang et al. 1995) , and (iii) initiation of G2 cell cycle arrest (He et al. 1995) . In the context of the brain, Vpr has been shown to cause neuronal apoptosis and cell death (Jones et al. 2007; Patel et al. 2000; Piller et al. 1998; Sabbah and Roques 2005) , inhibition of axonal outgrowth (Kitayama et al. 2008) , neuronal dysfunction through microRNA deregulation (Mukerjee et al. 2011) , astrocyte necrosis (Huang et al. 2000) , induction of astrocyte CCL5 expression (Gangwani et al. 2013) , and neuropathic changes that have been associated with memory impairment (Torres and Noel 2014) .
Although many functions of Vpr follow from its intracellular expression, localization with the cell (Ferrucci et al. 2011a) , and incorporation into virions in large quantities (Lu et al. 1995) , Vpr (like gp120 and Tat) has been shown to function in the extracellular environment (Ferrucci et al. 2011b) . Extracellular Vpr has been detected in the sera and cerebrospinal fluids of HIV-1-infected patients (Hoshino et al. 2007 ; Levy et al. 1994) . As an extracellular protein, its effects include astrocyte necrosis (Huang et al. 2000) , stunted neuronal axon elongation (Kitayama et al. 2008) , cellular transduction resulting in cell cycle arrest and apoptosis (Henklein et al. 2000; Patel et al. 2000; Sabbah and Roques 2005) , activation of signal transduction and transcription in macrophages (Varin et al. 2005) , and enhanced HIV-1 replication (Levy et al. 1995; Sherman et al. 2002; Varin et al. 2005) . Along these lines, we previously demonstrated that addition of extracellular Vpr to astrocytes caused reductions in adenosine-5′-triphosphate (ATP) and glutathione (GSH), increased caspase activity, increased cytokine and chemokine release, reduced glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity, and increased reactive oxygen species (Ferrucci et al. 2012 (Ferrucci et al. , 2013 . Furthermore, conditioned media from Vprexposed astrocytes caused reductions in neuronal GSH leading to apoptosis (Ferrucci et al. 2013) .
The vpr coding sequence, as well as the rest of the HIV-1 proviral genome, is subject to variation during each replication cycle due to the error-prone nature of reverse transcription (Lloyd et al. 2014) . Estimates of sequence diversity set the error rate during replication at approximately 1.4 × 10 −5 mutations per base pair per replication cycle (Abram et al. 2010) . Our recent efforts have turned to investigating potential connections between Vpr sequence variation and HIV-1-associated neuropathogenesis in well-suppressed patients. Given the putative role of Vpr in HIV-1-associated neuropathogenesis, we hypothesized that amino acid changes in Vpr that alter its effects in the brain and/or peripheral blood will result in clinically measurable differences in HAND.
Analyses of viral sequences isolated from peripheral blood samples have revealed four amino acids at three positions in Vpr that are associated with significant differences in neuropsychological function as measured by comprehensive neuropsychological assessment. The discovery of these neuropsychological impairment Vpr (niVpr) variants has suggested that Vpr contributes to the onset and/or progression of HAND in HIV-1-infected patients and that those contributions can be altered by specific amino acid changes in Vpr.
Materials and methods
Collection of PBMCs from HIV-1-infected patients (Li et al. 2011) . All patients provided written consent upon enrollment. The CARES Cohort, which was the source of patients involved in this study, is representative of the larger HIVinfected patient population at Drexel, with the majority of patients being black males currently on cART. Key demographics for the patients encompassed by this study, as well as all patients in the Cohort, are provided in Table 1 . Forty-five percent of the cohort has never experienced an AIDS-defining illness, while 55 % have had at least clinical event. Cohort patients largely use and respond to ART with viral loads and CD4+ T cell counts consistent with effective viral suppression. Because drug abuse is common in the cohort, patients who showed signs of drug or alcohol intoxication were excluded from the study. A small number of subjects may have been intoxicated at the time of collection with no visible signs of impairment. Patients who later tested positive for drug use but showed no signs of intoxication at the time of collection were not excluded from the study. The presence of bloodborne drug metabolites does not necessarily indicate that a patient was intoxicated during the visit, as the half-lives of these products extend past their neurological effects.
Comprehensive neuropsychological assessment
A subset of consenting patients recruited into the CARES Cohort undergoes yearly Comprehensive Neuropsychological Assessment (CNPA). To date, 191 HIV-1-infected cohort patients have been evaluated using the CNPA. The CNPA includes (i) assessment of global cognition using the Mini-Mental State Examination (MMSE) and premorbid general intellectual functions using the Wide Range Achievement-4 single word reading test and Wechsler Adult Intelligence Scale-IV Information subset;
(ii) a self-reported assessment of everyday cognitive and functional status; and (iii) assessment of seven primary neuropsychological domains using tests from the Calibrated Neuropsychological Normative System (CNNS) (Schretlen et al. 2010 ) and the Spanish and English Neuropsychological Assessment Scales (SENAS) (Mungas et al. 2000) that control for key demographic variables. The seven neuropsychological domains are as follows: (i) working memory/attention, (ii) executive function, (iii) information processing speed, (iv) visuoconstruction, (v) motor function, (vi) verbal/visual learning and memory, and (vii) language.
Approximately 85-90 % of our participants are modestly educated African-Americans. The neuropsychological literature clearly underscores the need to use educational/cultural norms in order to obtain an accurate assessment of putative NPI (Antinori et al. 2007 ). The CNNS and SENAS were both selected because of their strong psychometric properties and because scores may be adjusted for demographic variables, including age, education, race, and gender.
Demographically adjusted scores for each test were converted to deficit scores, which give relatively greater weight to impaired performances than to average or above average performances (Carey et al. 2004 ). Summary deficit scores for all seven primary neuropsychological domains were averaged to determine a Global Deficit Score (GDS), which indicates an overall level of impairment. The GDS range is 0-5, with 0 indicating no impairment and 5 indicating severe impairment (Blackstone et al. 2012; Carey et al. 2004 ). The GDS is modeled after the Bgold standard^clinical ratings method of diagnosing HAND (Butters et al. 1990; Heaton et al. 1995) and is intended to approximate this approach using a psychometric method that requires less time and expertise. A GDS ≥ 0.5 has demonstrated optimal sensitivity and specificity in detecting HAND as diagnosed by clinical ratings (Carey et al. 2004) . Although the present CNPA includes slightly different tests from those included in the initial validation of the GDS, the neuropsychological constructs assessed by both protocols are comparable. Characteristics for the entire patient cohort (as of September 2015) are provided, as are the corresponding demographics for the 112 patients encompassed by this study. Each parameter is accompanied by a 95 % confidence interval (in parentheses). Years seropositive is determined by a review of clinical history information Secondarily, global NPI was assessed during each visit (approximately every 6 months) using a modified version of the Hopkins Dementia Scale (MHDS) (Li et al. 2011; Power et al. 1995) . This exam screens for short-term memory, concentration, and processing speed, and provides a score that ranges from 12 (unaffected) to 0 (severely affected), with scores >10 indicating non-impairment. MHDS scores are used as secondary neurocognitive function indicators between annual CNPA.
Genomic DNA isolation from HIV-1-infected PBMC and brain tissue A subset of the patients in the Drexel Medicine CARES Cohort who received CNPA (n = 112/191) had whole blood collected and processed for drug screening, plasma analysis, PBMC isolation, and genomic DNA isolation as previously described Li et al. 2011 ). Brain (head of caudate) tissues and matched spleen samples from three HIV-1-infected patients were acquired from the National NeuroAIDS Tissue Consortium (NNTC) (Morgello et al. 2001) . Frozen brain and spleen tissue were punch-biopsied using a 3-mm disposable biopsy punch (Sklar Cat # 96-1105) and placed into a collection tube. DNA was extracted from the sample using the DNeasy® Blood & Tissue procedure (Qiagen Cat # 69504) as described by the manufacturer.
DNA amplification and sequencing-Sanger sequencing
The vpr coding region was amplified using primers specific for the entire vpr reading frame. HIV-1 vpr was amplified from each patient-derived genomic DNA sample by performing a nested PCR. The first round of this reaction contained Phusion High-Fidelity Polymerase (0.5 U), HF buffer, MgCl 2 (1.5 mM), dNTPs (350 μM), primers BA56 (GGAGGAAA AAGAGATATAGCACACAAGTAGACCC) and BA29 (AATAGAGTGGTTGCTTCCTTCC) with 125 ng of genomic DNA in a total volume of 25 μl. The reaction consisted of 98°C for 3 min, and then 25 cycles of 98°C for 10 s, 58°C for 20 s, and 72°C for 30 s followed by a 10 min extension at 72°C. The second round reaction contained Phusion HighFidelity Polymerase (0.5 U), HF buffer, MgCl 2 (1.5 mM), dNTPs (350 μM), primers vprF1 (CAAGTAGACCCTGA ACTAGC) and vprR2 (CTTCACTCTCATTGCCACT) with 2.5 μl of round one in a total volume of 50 μl. The reaction included 98°C for 3 min, and then 30 cycles of 98°C for 10 s, 58°C for 20 s, and 72°C for 24 s followed by a 10 min extension at 72°C. PCR products from the second round were then treated with ExoSAP-IT (Affymetrix) at a ratio of approximately 5 μl of PCR reaction to 2 μl of enzyme. Treated product (20 ng) was then sent for Sanger sequencing by Genewiz (South Plainfield, NJ), following their current instructions.
HIV-1 vpr was amplified from each NNTC brain or spleenderived genomic DNA sample by performing a nested PCR. The first round of this reaction contained Phusion HighFidelity Polymerase (0.5 U), GC buffer, MgCl 2 (1.5 mM), dNTPs (350 μM), primers BA56 and BA29 with 125 ng of genomic DNA in a total volume of 25 μl. Amplification was performed at 98°C for 3 min, and then 30 cycles of 98°C for 10 s, 58°C for 20 s, and 72°C for 35 s followed by a 10 min extension at 72°C. The second round reaction contained Phusion High-Fidelity Polymerase (0.5 U), GC buffer, MgCl 2 (1.5 mM), dNTPs (350 μM), primers vprF1, and vprR1 with 2.5 μl of round one in a total volume of 50 μl. The amplification was performed at 98°C for 3 min, and then 30 cycles of 98°C for 10 s, 51°C for 20 s, and 72°C for 30 s followed by a 10 min extension at 72°C. PCR products from the second round were then treated with ExoSAP-IT (Affymetrix) at a ratio of approximately 5 μl of PCR reaction to 2 μl of enzyme. The treated product (20 ng) was then sequenced using Sanger technology ( Genewiz , South Plainfield, NJ).
DNA amplification and sequencing-next generation sequencing
Illumina deep sequencing of PBMC-and brain-derived DNA was performed by using a PCR amplification technique in which the vpr region is flanked by primers that produce añ 1 Kb segment (Henn et al. 2012) . Primer sites were selected such that they exactly matched >95 % of the subtype B sequences in the Los Alamos National Library (LANL) HIV database. HIV-1 vpr was amplified from patient-derived genomic DNA samples by performing a PCR, which yields a fragment spanning from nucleotide 5516 to nucleotide 6582 with respect to the HXB2 genome. This reaction contained Phusion High-Fidelity Polymerase (0.5 U), HF buffer, MgCl 2 (1.5 mM), dNTPs (350 μM), primers Frag-37-L (AAAGCCACCTTTGCCTAGTG) and Frag-37-R (ACACATGGCTTTAGGCTTTG) with 100 ng of genomic DNA in a total volume of 25 μl. The reaction was performed at 95°C for 2 min, and then 40 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min followed by a 10-min extension at 72°C. Samples were then purified using the QIAquick PCR Purification procedure (Qiagen Cat # 28,104) as described by the manufacturer and eluted in water. Samples were then prepared using the Nextera XT DNA Library Preparation Guide (Illumina Cat # FC-131-1096) as described by the manufacturer, except where specified below. The amount of input DNA was changed from 0.2 to 0.4 ng/μL. The tagmentation reaction was shortened from 5 min at 55°C to 4 min and 30 s to avoid over-fragmenting the shorter PCR fragments. PCR clean-up was completed using 30 μL per sample of the AxyPrep™ MAG-PCR Clean-Up procedure (Axygen® Cat # MAG-PCR-CL-5) as described by the manufacturer.
Libraries were normalized using the Quant-iT™ dsDNA Assay procedure, High Sensitivity (Invitrogen Cat # Q33120), and validated on an Agilent Technology 2100 Bioanalyzer using the Agilent High Sensitivity DNA procedure as previously described (Agilent Technologies Cat # 5067-4626). Based on the average size of 500 bp, libraries were clustered using the Eq. 1 ng/μl = 3 nM. Samples were pooled together to reach a final concentration of 1 nM and sequenced using the NextSeq® 500/550 Mid Output Reagent Cartridge v2 300 cycles (Illumina Cat # FC-404-2003) on the Illumina NextSeq 500 Desktop Sequencer.
DNA sequence analyses
Analyses of Vpr sequences obtained using Sanger technology from HIV-1-infected patient blood samples were performed using sequences isolated from 112 CARES Cohort patients with CNPA. Sequences were aligned to consensus B (ConB; 2002) using the MUSCLE alignment tool with default settings (Edgar 2004) . These sequences were translated into the proper reading frame by comparison with HXB2 and all amino acid calls were inferred from the DNA sequence data for statistical analysis.
NGS Vpr sequences were processed by first using Trimmomatic (Bolger et al. 2014) to remove poor quality ends and trim off primer sequences using the default settings. Cleaned paired-end reads were then aligned to the HXB2 genome using the bwa mem tool ) and duplicate reads from the same lane were removed using the samblaster tool (Faust and Hall 2014) . Pysam ) was used to extract each read with a mapping quality greater than a PHRED score of 60 and Biopython (Cock et al. 2009 ) was used to translate the read in the proper reading frame and infer the amino acid at each position along the read for downstream statistical analysis.
Combined effect size (CES) analyses
Each of the 112 patient sequences was scored based on the identities of amino acids at positions 37, 41, and 55. A niVpr amino acid at each position was scored using the magnitude and direction of its effect size (Fig. 2) , while non-niVpr amino acids were assumed to have no effect on GDS (null) and were assigned a score of 0. GDS scores were grouped and averaged according the total combined effect size (CES), which ranged from −0.250 to +0.516 (12 possible combinations of niVpr and null amino acids). The effects of each site were assumed to be independent.
Statistical analyses
For statistical considerations, we assumed a null model in which neuropsychological function was solely a function of age, gender, ART status, log 10 (viral load), and years seropositive. This was implemented as a Least-Squares model using the Python Statsmodels toolbox (Seabold and Perktold 2010) . We then iteratively added each column of the Vpr alignment as a categorical variable to determine whether this sequence variable improved the model. This was determined using a chi-squared distribution to test whether the improved log-likelihood of the model exceeded the expected improvement of adding greater degrees of freedom (Seabold and Perktold 2010) . Neuropsychological function was measured by both the GDS and MHDS at the time of visit. The results of the regression analysis provide the effect of an amino acid change on the neuropsychological function when controlled for age, gender, ART status, log viral load, and years seropositive. Bonferroni multiple-testing correction (p < 0.05/97 = 0.000514) was used to account for potential false discovery.
Results
Cohort patients have a range of HIV-1-associated neurocognitive function
Neuropsychological assessments of HIV-1-infected patients currently enrolled in the CARES Cohort at the Drexel University College of Medicine Dampier et al. 2016; Li et al. 2011; Nonnemacher et al. 2016; Parikh et al. 2014; Shah et al. 2014 ) revealed a range of neurocognitive function, as indicated by GDS. Most Cohort patients for which Vpr sequences were available had GDS ≤ 2 (Fig. 1) ; this is not surprising, since most patients are well-suppressed by effective antiretroviral therapy. Fewer patients had scores in the range of 2-4, and no patients scored >4. To put these results in the context of established measures of HIV-1-associated NPI, ongoing studies with our HIV-1-infected patients using the CNPA (Devlin et al. 2015) have shown 58 % of the population meets the Frascati criteria (Antinori et al. 2007 ) for either mild neurocognitive disorder (MND) or asymptomatic neurocognitive impairment (ANI), a prevalence rate that is comparable to other studies that use different neuropsychological Of the 112 patients encompassed by this study, 40.7 % were considered unimpaired (GDS < 0.5), 51.7 % were mildly impaired (0.5 ≤ GDS < 2), 5.9 % were moderately impaired (2 ≤ GDS < 3.5), and 1.7 % were severely impaired (GDS ≥ 3.5) measures (Heaton et al. 2010) .
Although not yet widely used in the HIV research community, these data suggest that our CNPA protocol can determine the presence of ANI and MND using previously described recommendations (Antinori et al. 2007 ). In addition, comparative analyses of patient GDS and MHDS results indicated a general correspondence between the two assessment outcomes (data not shown).
Specific amino acids in Vpr are significantly associated with differences in neurocognitive function in HIV-1-infected cohort patients
Correlations were examined between Vpr sequences from 112 Cohort patients (one Sanger-derived sequence per patient) and corresponding CNPA results. Results of the analyses, which passed Bonferroni multiple-testing correction (p < 0.05/ 97 = 0.000514), had an R 2 > 0.5, and an effect size greater than 0.15 (Fig. 2) . Effect size (left y-axis) is the difference in GDS associated with each amino acid position when compared to the average GDS. Positive and negative effect sizes indicate higher or lower GDS, respectively, relative to the patient average. These analyses indicated significant associations between the presence of four amino acids at three specific sites (niVpr variants) within the primary Vpr sequence (positions 37, 41, and 55) and the altered neurocognitive function in HIV-1-infected patients. Specifically, amino acids N41 and A55 were associated with higher GDS (Bdetrimental^), while amino acids I37 and S41 were associated with reduced GDS (Bbeneficial^). Strikingly, MHDS testing results were in general agreement with the magnitudes and directions of differences in NPI indicated by the GDS effect sizes. While significant GDS effect sizes were indicated at other positions (positive effect sizes for V37, Y84, S89, and I93; negative effect size for T55), those changes were not completely correlated with changes in MHDS (data not shown), possibly as a consequence of the greater sensitivity of the CNPA relative to the MHDS.
Further analyses of amino acids found at each niVpr position revealed a discrete number of variants at each position (Table 2) . At position 37, niVpr variant I37 was one of three prevalent amino acids at that position, and one of 10 residues found at that site. At position 41, the N41 niVpr variant was found at a relatively low frequency out of four amino acids; this position was dominated by glycine, which was not associated with a change in GDS. The A55 variant, however, was the dominant residue out of four amino acids coded at this position.
niVpr variant combinations result in a continuum of effect sizes
As each niVpr variant was associated with an effect size of a specific magnitude and direction, we hypothesized that the combined effects of the niVpr variants on GDS would be additive. In analyses of the combined effect sizes (CES), a positive correlation between CES (the cumulative effect size of amino acids at the three sites within a patient Vpr sequence) and average GDS was evident (Fig. 3) . In well-suppressed patients with GDS ≤ 2, combined effects of niVpr variants could contribute significantly to NPI.
Deep sequencing reveals that niVpr variant amino acids appear with varied frequencies in cohort patients
Since Sanger sequencing only yields what is usually the predominant or highly prevalent sequence within the population of sequences, sequencing was also performed using Illumina deep sequencing. Through next generation sequencing (NGS), variant sequences at all frequencies can be documented. Applying NGS to a select number of patient DNA samples, a depth of coverage was obtained that ranged from 9231 to 48,028 reads, with a mean of 13,931 across all samples and was not correlated with clinical parameters or biological compartment. This approach demonstrated that niVpr variants and non-niVpr amino acids appeared at varied frequencies in individual patients (Table 3 ). In seven of the nine patients included in these analyses, at least one niVpr amino acid was present in 100 % of the sequence reads, suggesting that the effects of these variants in HIV-1-infected patients could be considerable. These results also confirm in individual patients that different combinations of niVpr amino acids and Bnullr esidues can be found at these three positions (Table 3) . These results, in conjunction with the CES analyses (Fig. 3) , support the hypothesis that Vpr variants can have a range of effects on GDS dependent on the identities of the amino acids at positions 37, 41, and 55. Any model of niVpr-associated neuropathogenesis must address mechanistic connections between niVpr variants found in the peripheral blood and the onset of NPI in the brain. The simplest explanation is that niVpr variants arise in the blood and are seeded into the brain, where they act to increase or decrease clinically apparent NPI. To begin to address this point, vpr sequences were collected using NGS from matched HIV-1-infected brain and spleen tissues banked through the NNTC (Morgello et al. 2001) . While niVpr amino acids were clearly detected in both brain and spleen tissue, they were not universally present nor were they always the most predominant residue (Table 4 ). In addition, these results suggest niVpr variant compartmentalization between brain and spleen, since some residues were present in one compartment but absent in the other (e.g., patient T56766, N41), while some residues appeared in both compartments but differed considerably in their prevalence (e.g., patient T56766, I37). Although the detection of an niVpr variant in the brain but not the spleen (patient T56766, N41) appears counter to the identification of niVpr variants in peripheral blood cells, this particular finding may be the result of other factors, including the timing of tissue collection (post-mortem sampling from patients potentially in end-stage disease versus samples from wellsuppressed living patients). Relevant to tissue origin, niVpr variants were also detected using Sanger sequencing in other areas of the brain, including the cerebellum, deep white matter, parietal lobe, and thalamus (data not shown).
Discussion
Through patient-based bioinformatic studies, we have identified three positions in the primary sequence of HIV-1 Vpr where select amino acids are specifically and significantly linked to differences in patient neurocognitive status. From these results, several important conclusions can be formulated. First, Vpr appears to have a causative role in HIV-1-associated neuropathogenesis. While this conclusion has been inferred by previous in vitro and animal model studies (Ferrucci et al. 2012 (Ferrucci et al. , 2013 Gangwani et al. 2013; Huang et al. 2000; Jones et al. 2007; Kitayama et al. 2008; Mukerjee et al. 2011; Patel et al. 2000; Piller et al. 1998; Sabbah and Roques 2005; Torres and Noel 2014), we believe that this is the first study that shows an association in humans between different Vpr variants and the extent of clinically apparent neurocognitive function. Second, the contribution of Vpr to viral neuropathogenesis can be altered by changes in the amino acid sequence of Vpr that occur during the course of infection. This conclusion is consistent with investigations that explored the functional consequences of Vpr variation and mutation (Pandey et al. 2009) , as well as studies that suggest clinical outcomes associated with distinct changes amino acids within Vpr (Hadi et al. 2014; Jacquot et al. 2009; Mologni et al. 2006) .
Third, the appearance of niVpr variants in well-suppressed patients suggests a level of replication sufficient to support viral evolution and, specifically, Vpr sequence diversity. This conclusion is consistent with our more global analyses of longitudinal HIV-1 genomic diversity, which revealed a low but measureable level of quasispecies development in patients with infections well-suppressed by effective antiretroviral combination therapies ). Viral replication in the face of highly effective antiretroviral therapy is also consistent with recent studies that suggest ongoing viral replication in the lymph nodes despite chemotherapeutic 
Amino acids found at each niVpr position are shown in conjunction with their frequency of appearance and relative effect on GDS. A zero effect indicates that the amino acid was not significantly associated with a change in GDS. Italic text highlights the niVpr variants identified in Fig. 2 Fig . 3 Average patient GDS is positively correlated with the combined effect size (CES). The summed effect sizes for each patient sequence are plotted against average GDS for each of the 12 possible combined effect size groups reductions in viral loads in the peripheral circulation (Cohen 2016; Lorenzo-Redondo et al. 2016) . The inability to fully suppress replication and therefore negate the generation of diversity in Vpr and other parts of the viral genome may be a consequence of insufficient levels of antiretroviral drugs penetrating into the lymphatic tissues (Cohen 2011; Fletcher et al. 2014 ) and other tissue compartments, such as the brain and/or gastrointestinal tract. Fourth and finally, the identification of niVpr variants in the blood (Fig. 2 ) and brain (Table 4) suggests one of two scenarios: trafficking of cells harboring niVpr variants into the brain from the peripheral circulation or virus reservoirs (including the lymph nodes or gastrointestinal tract); or the genesis of niVpr variants in infected cells within the CNS (e.g., perivascular macrophages or microglial cells) and subsequent trafficking of those cells from the brain into the peripheral circulation. The generally accepted role of infected macrophages as cells that seed the CNS, as well as demonstrated similarities between proviral sequences isolated from bone marrow-derived monocytes and infected cells in the brain (Liu et al. 2000) , suggest the possibility that niVpr variants are harbored in monocytic cells that pass between the peripheral circulation and brain. Conversely, it is more probable that the blood-derived niVpr sequences were derived from infected T lymphocytes, since this cell type is in much greater abundance relative to cells of monocytic lineage, and since Sanger sequencing yields sequences that are predominant in proviral genomes isolated from infected cells. Upcoming studies will focus on localizing niVpr variants to specific cell populations in the peripheral blood and brain.
The identification of four discrete amino acid changes in Vpr associated with measurable differences in neurocognition provides a starting point for structure-function studies focused on determining the molecular and cellular mechanisms that underlie the clinically apparent differences in neurological function. Along those lines, previously published studies suggest that amino acid changes at niVpr positions 37 and 41 may affect Vpr oligomerization, which has been implicated in Vpr incorporation into nascent virions (Fritz et al. 2010; Venkatachari et al. 2010) . Amino acids in this region of the protein (residues 36-46) have been shown to be critical for Vpr oligomerization (Zhao et al. 1994) and Vpr incorporation during virus assembly (Singh et al. 2000) . Specifically, an R36W polymorphism was associated with rapid progression of HIV-1-associated disease, higher levels of oligomerization, and increased levels of virus replication (Hadi et al. 2014) . The effects of niVpr variants on the functions of Vpr, Samples from seven HIV-1-infected patients were sequenced using NGS focused on the vpr open reading frame in genomic DNA. The prevalence of each amino acid at a site is shown as a fraction of the total. Italic text highlights the niVpr variants identified in Fig. 2 Matched samples from three HIV-1-infected patients were sequenced using NGS focused on vpr in genomic DNA. The prevalence of each amino acid at a site is shown as a fraction of the total. Italic text highlights the niVpr variants (Fig. 2) HOC head of caudate, SPL spleen including oligomerization and virus assembly, facilitation of preintegration complex nuclear transport (Hrimech et al. 1999) , trans-activation of the HIV-1 LTR (Wang et al. 1995) , and initiation of G2 cell cycle arrest (He et al. 1995) , will need to be explored in future studies. Since the pathogenic effects of niVpr variants may be manifested in the peripheral blood and brain, the impact of Vpr variants will need to be assessed in cell populations from both compartments.
As an extension of our previous investigations (Ferrucci et al. 2012 (Ferrucci et al. , 2013 , preliminary in vitro experiments of this nature suggest that substitution of an asparagine for a serine at position 41 results in greater Vpr-associated reductions in cellular glutathione in astrocytes (data not shown). Because Vpr has been shown to cause adverse changes in astrocyte and neuron metabolism and viability (Ferrucci et al. 2012 (Ferrucci et al. , 2013 , increased oxidative stress associated with expression of the 41N variant suggests one possible mechanism through which niVpr variants can affect the degree of HIV-1-associated neuropathogenesis.
Structure-function experiments will also yield insights into the selective pressures that influence the appearance and prevalence of niVpr variants in HIV-1-infected patients. Viruses that harbor specific amino acid changes at niVpr positions may have advantages over other viruses due to alterations in replicative capacity, persistence in viral reservoirs, or the release of extracellular Vpr. Advantages conferred by amino acid changes at niVpr positions may also be linked to the identity of the host cell, since we have shown that Vpr sequence diversity and divergence at positions 37, 41, and others are linked to co-receptor phenotype (Antell et al. submitted for publication, 2016). Advantages associated with specific changes at niVpr positions may then indirectly or directly affect HIV-1-associated neuropathogenesis.
Future studies will also examine associations between localized expression of niVpr variants in the brain and specific neurocognitive deficits (as indicated by specific CNPA domain scores). The CNPA results preliminarily suggest that N41 is associated with increased deficits in processing speed, executive functions, and verbal/visual memory (data not shown). In this regard, niVpr variants were detected in areas of the brain that are well-known to be associated with previously described patterns of NPI involving motor, executive, and memory deficits (Devlin et al. 2015) . Deficits in specific neuropsychological domains could indicate that a specific, underlying neuropsychological network within the brain is affected by contributions of niVpr variants to neuropathogenesis. This information may provide new information about the mechanisms through which regionally expressed niVpr variants contribute to specific neuropsychological syndromes.
The demonstration of associations between specific amino acids in Vpr and significant, measurable differences in the neurocognitive abilities of HIV-1-infected patients provides new insights into the roles of Vpr during HIV-1 infection and the contributions of Vpr to HIV-1-associated neuropathogenesis and HAND. Because of the links between vpr sequence variation and neuropathogenesis, these studies also suggest the possible use of niVpr variants as diagnostic or predictive biomarkers for HAND. Since many studies currently show no relation between neurocognitive function and classic measures of HIV-1 infection (e.g., viral load and CD4 T cell counts), Vpr may be a meaningful biomarker for HIV-1-associated NPI. Finally, a more comprehensive understanding of pathogenic mechanisms arising from Vpr expression in the periphery and brain may point toward new therapeutic strategies effective against HIV-1-associated neuropathogenesis.
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